affects the o p t i c a l g a i n v i a its influence o n t h e D o p p l e r line shape of t h e fluores cence, w h i c h is d e t e r m i n e d b y t h e recoil trajectories of the p r o d u c t f r a g m e n t s . 9 I n practice other parameters m a y be m u c h m o r e critical. T h e D o p p l e r w i d t h of the emission is i m p o r t a n t , however, since a larger w i d t h raises t h e t h r e s h o l d p o p u l a t i o n required f o r maser a c t i o n a n d a d d s greatly to
F o r optical masers u s i n g a gas as a n active m e d i u m , most p u m p i n g m e c h a n i s m s t r i e d t h u s f a r h a v e utilized transitions between a t o m i c energy levels t o achieve inverted p o p u l a t i o n s of excited s p e c i e s . 1 -3 M a n y molecular dissociative processes w h i c h p r o d u c e excited fragments are k n o w n , however. T h e s e processes offer a t t r a c t i v e possibilities for maser s y s t e m s , 4 since the p u m p i n g is irreversible, m a y b e relatively b r o a d -b a n d , a n d c a n p r o d u c e a s t r o n g l y i n v e r t e d . p o p u l a t i o n of excited atoms or molecules i n either c o n t i n u o u s or pulsed operation. R e c e n t l y , maser a c t i o n h a s been o b t a i n e d f r o m dissociative excitation of a v a r i e t y of molecules b y electron i m p a c t or b y collisions w i t h
metastable rare gas a t o m s i n gaseous discharge. 5 
Several proposals a n d p r e l i m i n a r y experiments for masers based o n p h o t o d i s s o c i a t i o n also h a v e b e e n r e p o r t e d . 4 , 6 , 7 , * I n this paper we discuss the factors w h i c h g o v e r n the strength a n d shape of fluorescence lines t h a t arise f r o m excited fragments p r o d u c e d i n m o l e c u l a r p h o t o dissociation. T h e mechanics of p h o t o d i s s o c i a t i o n c a n be treated i n some d e t a i l , as s h o w n elsewhere, 8 a n d the p r i n c i p a l features of interest for possible maser a p p l i c a tions are likely to be q u a l i t a t i v e l y similar f o r other more complex dissociative processes. T h e b r e a k -u p of the parent molecule o n l y affects the o p t i c a l g a i n v i a its influence o n t h e D o p p l e r line shape of t h e fluores cence, w h i c h is d e t e r m i n e d b y t h e recoil trajectories of the p r o d u c t f r a g m e n t s . 9 I n practice other parameters m a y be m u c h m o r e critical. T h e D o p p l e r w i d t h of the emission is i m p o r t a n t , however, since a larger w i d t h raises t h e t h r e s h o l d p o p u l a t i o n required f o r maser a c t i o n a n d a d d s greatly to the difficulty of select i n g a single m o d e . 1 , 4
General Requisites for Maser Action 
Fluorescence Line Strength
Molecular, dissociation processes which produce an excited atom rather than an excited molecular frag ment will in general enjoy a substantial but not neces sarily overwhelming advantage in terms of the threshold condition for maser action. In fluorescence from an excited atom (see Table II ), all the intensity is usually confined to one line or to a few fine structure compo nents. In fluorescence from a molecule (see Table III ), the intensity may be thinly spread over many fre quencies, since (a) the total population of molecules in the excited electronic state may be distributed over many vibrational (v' quantum number) and rotational (J' quantum number) levels and (b) from each of these transitions to many (v,J) levels of the ground electronic state may be possible.
In fortunate cases (a) may be partially offset because the dissociation process may strongly favor a narrow range of (v', J') levels. This occurs for the excited O H * radicals produced by photolysis of H 2 O, for exam ple, 13 but there are no rules to suggest when such con centration might be expected.
The distribution of line strength due to (b) can be estimated from standard spectroscopic theory. 
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The factors of g J ' or g J cancel versus those which appear in the degeneracy factors g 2 and g 1 in Eqs. (1) and (6), and hence for fairly large J we may simply replace these factors by unity everywhere.
With these approximations, the relative optical gain for the various v',J' v,J lines within the electronic transition is essentially just proportional to the FranckCondon factor and the population difference, Here a factor of 2 is to be inserted in the case of an allowed Q branch.
As seen in Eqs. (7) and (8), aside from the rotational factors, the total strength associated with each progression of v' v lines originating from a specified upper v' level is comparable to that in an atomic line. Often the Franck-Condon factor puts most of the intensity in one or two members of each progression. This always will occur if a system is chosen in which the potential curve for the upper electronic state lies almost directly above that for the lower state. This configuration is quite common. The molecular systems for which pulsed maser action recently has been observed in gas discharges, including the First Positive Contribution (b) depends on the final relative kinetic energy E of the fragments A * and B formed in dissociation of the parent molecule AB. According to an approximate form of the Franck-Condon principle, this is given by 8 , 9 Here hν p is the energy of the pumping light (or elec trons) ; E AB is the energy of the initial vibrational level of AB; and T AB , the threshold energy, is the sum of the dissociation energy of the AB bond (measured from the zero-point vibrational level) and the electronic excitation of the excited fragment A *. The remaining contribution is centrifugal energy arising from the rota tional angular momentum L of the AB molecule; µ is the reduced mass, m A m B /m AB , and r 0 is the internuclear distance at which the electron jump occurs. The proba bility distribution for r 0 for any initial vibrational level of AB is obtained from the vibrational wavefunction. The pumping transition is continuous, and its shape is determined by the r 0 -distribution and by V(r), the repulsive potential energy curve for the unstable excited AB* molecule, since hν p + E AB = V(r 0 ). The recoil energy E can be minimized by pumping at an energy only slightly above the threshold for dissocia tion. However, since the most populated vibrational levels of the ground electronic state usually lie under a strongly sloping portion of the upper, repulsive poten tial curve, electronic jumps from these levels only occur for pumping at energies well above the threshold. Therefore pumping near the threshold involves a drastic sacrifice of intensity and is impractical. Also, even at the threshold, the thermal distribution of rotational energy still contributes to E via the centrifugal term in Eq. (10).
Another means of limiting the recoil velocity of the fragment A* which emits the fluorescence is to use a molecule in which B is much lighter than A* so that most of the recoil velocity will be carried away by B. The recoil velocity of A * is given by Unfortunately, other requirements often conflict with this.
For some polyatomic molecules it is possible that an appreciable part of the energy released in the dissocia tion may appear as internal vibrational or'rotational excitation of the fragments rather than in the translational recoil energy. Equation (10) as written applies to a diatomic molecule. For dissociation of a poly atomic molecule it is probably still a useful approxima tion but since either or both fragments may be poly atomic, E must be replaced by E + E I N T , where E i n t is the total vibrational and rotational excitation of the fragments.
The photodissociation of CH 3 I in the 2500 Å region produces excited I* atoms 25 and hence offers an example which enjoys a substantial advantage from the kine- In the most anisotropic case (shown as A in Fig. 1) , the incident light is plane polarized, the electronic transition dipole and the product recoil direction are parallel to the molecular axis, and the fluorescence is viewed along the direction of the electric vector. T h e products then peak forward and backward along the direction of the electric vector and hence the Doppler line shape of the fluorescence is bimodal. T h e aniso tropy is much weakened if one or more of these specifi cations is relaxed (shown as cases B , C , D in Fig. 1). T o obtain the angular distribution and line shape for a given photodissociation process, the form factors for ** The total Doppler width is appreciably less than the sum of the width for thermal motion plus that from recoil, since a vector average is involved. Reference 9 gives a detailed calculation. The thermal contribution may be neglected when the recoil motion is more than two or three times the most probable thermal velocity. the special cases shown in Fig. 1 must be compounded  with the distribution of center-of-mass velocity vectors of the parent molecule; the distribution in magnitude of the recoil velocity, which depends on the intensity profile of the pumping light and the shape of the poten tial energy curves; and the mixing of axial and trans verse recoil, which is essentially governed by the cen trifugal repulsion contribution in Eq. (10). Except in very special situations, the contribution from the axial recoil will be preponderant, and the line shapes of Fig. 1 (solid curves) are merely somewhat blurred and broadened.
Detailed calculations for the photodissociation of NaI to produce excited Na* are described elsewhere.
8,9
Although the recoil energy carried by the Na* atom is about 0.25 eV, the calculated fluorescence width is only about A ν D / ν = 10 -6 for case A, as the effective Doppler width is that of just one of the two lobes. For case B, the width is about four times larger and for isotropic recoil about six times larger. For atomic Na vapor at the same temperature, the Doppler width would be ν D / ν = 2 X 10 -6 . As indicated by these calculations, the anisotropy in the angular distributions is not pronounced enough to make it worthwhile to attempt to exploit this to offset part of the recoil broadening. Only in case A is there a substantial advantage in the Doppler width; however, this would be cancelled by a loss of intensity, since case A requires the use of polarized light. Furthermore, for NaI and many other molecules of possible interest for photodissociation masers, the dissociation occurs via a bundle of unresolved repulsive states of various symmetry types. Since both parallel and perpendicular transitions contribute, and probably with comparable intensity, 30 the angular distribution is likely to be practically isotropic.
There have been many experimental studies of atomic or molecular fluorescence excited by molecular photodissociation (Tables II and III) .
In several cases, the presence of large Doppler broadening due to recoil has been established. However, an early study of the NaI photodissociation by Mitchell appears to be the only attempt that has been made to observe aniso tropy in the angular distribution of products. orientation dependence of these rates provides a means to accumulate molecules selectively in particular mag netic substates and to monitor the population changes induced by absorption of radiofrequency radiation.
Comparison of Electron Impact with Photodissociation
Pumping by dissociative electron impact rather than photodissociation is likely to affect primarily the popu lation factor n in the optical gain coefficient, Eq. (6). The line strength S for a given fluorescence transition of the excited product A* is, of course, independent of the excitation process, and since the recoil velocity is again governed by the Franck-Condon principle, the Doppler width is the same unless the angular distribu tion of A * is appreciably changed for electron impact.
If the form factors of Fig. 1 were replaced by func tions appropriate to electron impact, a calculation of the product distributions and fluorescence line shape would proceed just as for photodissociation. How ever, even in the Born approximation limit, the evalua tion of the orientation dependent transition probability P(φ,θ,ψ) which replaces |u.ε| 2 is a formidable problem. Dunn 2 9 has given a qualitative characterization of the anisotropies of P(φ,θ,ψ) based on a symmetry analysis for the two configurations in which the momentum transfer vector K is aligned either parallel or perpen dicular to the molecular axis. For many types of electronic transitions P(φ,θ,ψ) vanishes for one or another of these configurations, and then the dissocia tion products will peak parallel or perpendicular to K (only axial recoil is considered). In the case of dissocia tive electron capture or attachment, K is identical to the propagation vector K of the electron beam. For dissociative excitation or ionization, K will have a range of orientations relative to K (and described by an angle K), and the factors involved in estimating this also are discussed by Dunn.
The peaking of the P(φ,θ,ψ) functions with respect to K may be expected to resemble qualitatively the peaking with respect to the electric vector which appears in photodissociation. Thus it is useful to note the connections given in Table I , which obtain when K is parallel (K = 0°) or perpendicular (K = 90°) to k. These connections become quantitative relations at From Table I we see that the case of dissociative electron capture (for which K = 0° always) is essen tially equivalent to photodissociation with polarized light, except that some additional transitions become allowed. For dissociative electron excitation or ioniza tion, we may expect to obtain a practical approximation to the general result by taking and analogous expressions for the fluorescence form factors. (These mixing formulas are readily justified when the |u.K| 2 term dominates the transition proba bility.) Here I c (θ) denotes the result which applies for electron capture or polarized photodissociation, as given in the upper part of Table I. In Eq. (12) this is reached in the limit of large momentum transfer (where k K and hence K 0°) , which obtains near the excitation or ionization threshold. We denote by I s (θ) the result for small momentum transfer (where k » K and the conservation laws require K 90°), which obtains at high energy. This limit resembles closely photodissociation by unpolarized light, and is given in the lower part of Table I. According to Eq. (12) and Fig. 1 , in dissociative excitation the anisotropy in the form factors for a given transition will be a maximum at threshold, but will be first suppressed and then reversed in sense if the bom barding electron energy is increased sufficiently. This behavior has been observed recently by Dunn and Kieffer 34 in the angular distribution of protons from dissociative ionization of H 2 by electron impact. Since the pumping transition has Δ Λ = 0 ( 1 Σ g + 2 Σ u + ) , the qualitative arguments predict that near threshold a case A distribution would appear and at high energies go over to a case B distribution. The observed distribu tion displays this nicely: at bombarding energies below about 50 eV it is strongly peaked forwards and back wards along the incident electron beam; at about 300 eV it becomes nearly isotropic; and at higher energies shows a broad peak sideways to the beam.
Bibliography for Atomic and Molecular Fluorescence Excited by Photodissociation
A summary of experimental studies of atomic fluores cence produced by molecular photodissociation of dia tomic molecules is given in Table II Table  III lists experimental studies of molecular fluorescence produced by molecular photodissociation.
